l6 t7 18 l9 climate as each of these depend on physicochemical properties ofparticles as a function of size. The significant influence from Aged,/Transported aerosol to Metro Manila during the SWM season indicates that local sources in this megacity do not fu y govem this coastar area,s aerosol properties and that PM in southeast Asia can travel long distances regardless of the significant precipitation and potential wet scavenging that could occur. That the majority of the regional aerosol mass burden is accounted for by BC and other insolubre components has important downstream effects on the aerosol hygroscopic properties, which depend on composition. The results are relevant for understanding the impacts ofmonsoonal features on srze-resolved aerosol propertres, notably aqueous processing and wet scavenging. Finally, the results of this work composition. Therefore, size-resolved meas'rements of ambient aerosol particles can rend additional insights to the behaviorl,and implications ofparticulate matter (pM) in the atmosphere. one region of interest for characterization of aerosols is southeast Asia due to increasing urbanization and the exposure of the population to a variety of aerosol sources, both natural and anthropogenic (Hopke et ar.,20og). However, use of space-borne remote-sensing instrumentation presents a challenge for characterization of aerosol in this region, due to issues such as varying terrain fid cloud cover (Reid et al., 2013).
The Philippines represents a country in Southeast Asia with a developing economy, rapid urbanization, old vehicular technology, and less stringent air quality regulations (e.g., Alas et al.,
2017) It is also highry sensitive to the effects of climate change, incruding prolonged dry periods and reductions in southwest monsoon (SWM) rainfall in recent decades (e.g., Cruz et al., 2013).
Metro Manila is the country's capital and center ofpolitical and economrc activities. Also referred to as the National capital Region, Metro Manila is composed of 16 cities and a municipality that collectively occupy a land area of -619 km2. As of 2015, Metro Manila had a population of approximatery 12.88 miltion (phirippine statistics Authority,20l5). ofthe cities comprising the Metro Manila area, the one that is the focus ofthis study, euezon City, rs the most populated (2.94 million people) with a popuration density of -17,000 km'2 as of z0l5 (philippine statistics Authority, 2015). The rainfalr pattem in Southeast Asia is governed by topographlc effects and the prevailing surface winds brought by the monsoons. Mountain ranges in the phirippmes are generally oriented north to south in the eastern and westem coasts. As such, northeasterly winds during the East Asian winter monsoon that starts in November brings wetness (dryness) on the eastern (westem) coasts of the country. In contrast, the ramy season starts in May when the westem North pacific sub*opical high moves nortreast and the Asian summer monsoon enables tre propagation of southwesterly wind through the philippines (villafuerte et d.,2or4). Metro Manila, rocated on the westem side ofthe philippines, therefore experiences wet (May-October) and dry (November- Table I . Meteorological data were collected using a Davis Vantage Pro 2 Plus 153 weather station co-located with the aerosol measurements at MO. Except for precipitation, which 154 is reported here as accumulated rainfall, reported values for each meteorological parameter 155 represent averages for the sampling duration ofeach aerosol measurement' 156
The mean temperature during the periods ofMouDI sample collection ranged from 24.9 157 to 28.1. C, with accumulated rainfall ranging widely from no rain to up to 78.4 mm. To identiry 158 sources impacting PM via long-range tanspolt to the Metro Manila region, Figure In order to preserve samples for additional analysis, each Teflon substrate was cut in halt. 182 A half of each substrate was extracted in 8 mL of Millle water (18.2 Mo-cm) through sonication 183 for 30 min in a sealed polypropylene vial. A blank substrate was processed in the same method to 184 serve as a background control sample. Subsequent chemical analysis of the water-soluble 185 components in the aqueous extracts were performed using ion chromatography (IC; Thermo 186 Scientific Dionex ICS -2100 system) for the following species: cations = Na+, NH4*, Mgr*, Ca!, 187 dimethylamine (DMA), trimethylamine (TMA), diethylamine (DEA); aniens =, methanesulfonate 188 (MSA), pynrvate, adipate, succinate, maleate, oxalate, phthalate, Cl-, NOr, SOr2-. Owing to co_ 189 elution of rMA and DEA in the IC system, a cumulative sum of the two is reported here, which 190 represents an underestimate of their total mass concentration owng to overlap in parts of their l9l peaks' Limits of detection (LoD) were calculated for each species based on their respective 192 calibration curve (Table Sl) , with LOD being three times the standard deviation ofthe residuals 193 (predicted signal minus measwed signal) divided by the slope ofthe calibration curve (Miller and 194 Miller.20l8). 195
The aqueous extracts were simultaneously characterized for elemental composition usine 196 triple quadrupole inductiveryioupred plasma mass specrometry (rcp-eee; Agirenr gg00 Seriesl 197 for the following species: K, Al, Fe, Mn, Ti, Ba, Zn, Cu, V, Ni, p, Cr, Co, As, Se, Rb, Sr, y, Z, 198 Nb, Mo, Ag, Cd, Sn, cs, Hf, Tl, pb. Limits of detection of the examlned elements were calculated 199 automatically by the Icp-eee instrument and were in the ppt range (Table Sl) . The sample 20o concentrations represent an average of three separate measurements with a standard deviation of 201 3olo or less. 2O2 Note that some species were detected by both IC and lcp_eee (i.e., Na+, K*, Mg2*, Car*), 203 and that the Ic concentrations are used here for all repeated species with the exception ofK* owing 2o4 to better data quatity from ICP-QQQ. All IC and Icp-eee specles concentrations for samples 205 have been corrected by subtracting concentrations from background control samnres. 211 electron (sE) imaging and EDX elemental analysis were performed using a Hitachi s-4800 high 212 resolution SEM coupled to a Noran system Six X-ray Microanalysis System by Thermo Fisher 213 Scientific. EDX analysis on individual particles was performed with 30 kV accelerating voltage to 214 obtain weight percentages of individual elements. SEM-EDX results showed that the background 215 contol aluminum substrate was dominated by Al (88.27%), with minor contributions from Ag 216 (5.34%\, C (4.87%), O (0.19%),Fe (0.67%), and co (0.05%). Such contributions wele manually 217 subtracted from spectra of individual particles on sample substrates, with the remaining elements 2 I 8 scaled up to hundred percent. Image processing was conducted with Image J software to measwe 21g particle dimensions and adjust the contrast and brightness ofimages to provide better visualization.
Computational Analysis
This study reports basic descriptive statistics for chemical concentrations and correlations between different variabtes. Statistical significance hereafter corresponds to 95olo significance based on a two-tailed student's t-test. To complement corelative analysis for identifing sources of species, positive matrix factorization (PMF) modeling was carried out using the United States Environmental Protection Agency's (us EPA) PMF version 5. Species considered as "strong" based on high signal-to-noise ratios (SA.,l > 1) and those with at least 509/. ofthe concentrations above the detection limit were used in the PMF modeling (Norris et al., 2014). Data points with concentrations exceeding the LOD had uncertainty quantified as fl{lb# ( m-3). The species connibuting the most to the total water-soluble mass concentratron during the swM included Sor2' (44% + 6%r,N]F'4* (ls% + 5%), Noi (10 + 3%), Na+ (8 + 3%o), znd Ct (6% + 3yo). The meteorological parameters from Table I 2010) and megacities such as Tehran (crosbie et al., 2014). However, set MOI l exhibited a very low concentration even with high temperature and lack ofrainfall, which may be due to changes in the source and transport ofaerosol since this sample set coincided with a significant change in average wind direction (290.2" for Mor 1 vs. 90. r' -127.5. for an other MouDI sets). while the reported rainfall measurements were taken at Mo, inhomogeneous rainfall pattems in the regions surrounding the Philippines courd also contribute to the wet scavenging of pM, thereby lowering the quantity of transported particles reaching the sample site. Futur€ work will address the influence of spatiotemporal pattems of precipitation on pM loadings in the philippines as a point measwement at an aerosol observing site may be misleading.
On two occasions, two simultaneous MOUDI sets (Sets MO3/MO4 and MOl3/MOt4) were collected for the potentiar to compare different properties that requirc separate substrates.
The total mass concentrations based on gravimetric analysis of sets MO3 and MOl3 were l g.6 pg m-3 and 53.0 pg m-3, respectively (Figure 2 ). Both sets exhibited a domrnant concentration mode between 0 32-{.56 pm and the Mo3 set was different in that it exhibited bimodal behavior with a second peak between 1.8-3.2 pm. The sum ofspeciated water-soluble specres accounted for only 27 '8%o and 31.30lo of the total gravimetric mass of sets Mo3 and Mol3, respectively, indicative To investigate further about the missing species, a charge balance was carried out for all MOUDI sets (Table 2) to compare the sum of charges for cations versus anions based on IC analysis including K from ICP-QQQ analysis (species listed in Section 2.3). The slope of the charge balances (cations on y-axis) for the cumulative dataset n'as 1.33 and ranged from 0.89 to l.4t for the 12 individual MOUDI sets that had IC and ICP-QQQ analysis conducted on them.
Eleven of the l2 sets exhibited slopes above unity indicating that there was a defrcit in the amount ofanions detected, which presumably included species such as carbonate and various organics. To further determine if there were especially large anion or cation defrcits in specific size ranges, slopes are also reported for 0.056-l pm and > I pm. There were no obvious differences other than two MOUDI sets exhibited slopes below l'0 for the smaller diameter range (0.056-l pm) while all slopes exceeded unity for > I pm. Microscopy analysis reveared evidence of non-spherical particles in each MouDI stage below I pm (Figure 4 ), which is significant as the common assumption theoretically is that submicrometer particles are typica y spherical (e.g., Mielonen et ar.,20ll). Errors in this assumption impact numerical modering results and interpretation of remote sensing data for aerosols (e.g., Kahnert et al., 2005)owine to incorrect calculations of parameters such as single scattering albedo, asymmetry parameter, and extinction efficiency (e.g., Mishra et al., 2015). Sorne studies have noted that submicrometer particles could be composed ofan agglomeration of small spherical particles originally formed through gas-to-particle conversion processes (Almeida et al., 20 I 9), which could potentiany exprain the appearance for some of the observed particles in Figure   4 . Since only single particles were examined that may not be firlly representative of all particles on a particular MoUDI substrate, it is noteworthy that all five particles shown between 0.056 -l r-,*rfi@ttlady shaped with signs of both multi-layering and constituenrs adhered to one anotherfffhe images show that a potentially important source of BC in the area could be soot aggegai"", which are formed by a vaporization-condensation process during combustion often 2017) projected that 94olo oftotal roadside refractory PM in the same study 335 region was linked to jeepneys,withnumber concentration modes at 20 and 80 nm. They associated 336 the larger mode with soot agglomerates, which is consistent with the smallest MOUDI size range 337 examined here (0.056-0.1 Fm; Figure 4b ) exhibiting signs of agglomeration. 338
The total BC mass concentration integrated across all stages ofMOUDI set MO13 (14.3 339 pg m-r) was remarkably high in contrast to BC levels measured via either filters, aethalometers, or 34O single particle soot photometers in most other urban regions ofthe world (Metcalfet al., 2012 and 341 references therein): Los Angeles Basin (airborne: 0.002-0.53 pg m-31, Atlanta, Georgia (ground: 342 0.5-3.0 pg mJ), Mexico City (airbome: 0.276-l.l pg m'r), Sapporo, Japan (ground: 2.3-8.0 pg 343 mi), Beijing, China (ground: 6.3-t l.l pg m-l), Bangalor, India (ground: 0.21-| 0.2 pg m-r;' Paris, 344 France (ground: 7.9 pg mr), Dushanbe, Russia (grormd: 'l-20 pg mr), Po valley, Italy (ground: 345 0.5-1.5 pg m-r), Thessaloniki, Greece (ground: 3.3-8.9 pg mi;. This is intriguing in light of 346 extensive precipitation, and thus wet scavenging of PM, during the study perio4 which is offset 34'1 by enormous antbropogenic ernissions in the regiojsuch as by powered vehicles like the ieepneys 348 that are notorious for BC exhaust (Kecorius et al., 2017). 349 A possible explanation for the large contribution ofBC to PM, and the persistence ofPM 350 after rain events (Kim Oanh et al., 2006) , is that the BC is not efficiently scavenged by precipitating 351 rain drops. Small particles enter rain drops via diffusion whereas laxge particles enter via 352 impaction. However, particles with a diameter in the range of0.l-1 pm (known as the Greenfield 353 gap) are too large to diffuse efficiently and too small to impact, and are therefore not efficiently 354 scavenged (seinfeld and Pandis, 2016). Absorption spectroscopy of set Mol3 (Figure 2b ) reveals 355 that 95% ofthe BC mass is concentrated in the Greenfield gap, and thus the removal ofBC due to 356 precipitation is inefficient. The Greenfield gap contains 62 + I lo% ofthe total mass (calculated for 357 MO3/1v1Ol3) and 65 + l0olo of the water-soluble mass (calculated for the other l2 Mo sets).
3.2.2 Water-Soluble Ions 359
There were two characteristic mass size distribution profiles for the water-soluble ions 360 speciated by Ildepending on whether the species were secondarily produced via gas-to-particle 361 conversion or issociated with primarily emitted supermicrometer particles. The average IC species 362 mass concentration profile across all MouDI sets is shown in Figure 5 
Atmospheric
Chemistry and Physics Drscuss ons Figure 6 shows SEM images of representative single particles in each supermicrometer 42O stage. As would be expected for sea salt and crustal material, most ofthe particles shown are not 421 spherical. Interestingly, only the particte shown between 1-1.8 pm was close to being spherical. 422 lts composition based on EDX analysis was accounted for mostly by carbon (93.7%) with lower 423 amounts of oxygen (5.8%) and Fe (0.5%). Sea salt particles were found in the next two stages 424 owing to the highest combined weight percentages ofNa+ and Cl" based on EDX analysis: 
Chemistry and Physics Drscusstons 425 pm = 36.9Yo;3.2-5.6 pm = 46.90/o.'Ihe salt particles are not necessarily cubical but more rounded 426 with signs ofagglomeration. These two particles were the only ones among the I I MoUDI stages 427 exhibiting an EDX signal for S, with contributions amounting m -2%o in each particle. This may 428 be linked to natural SOr2-existing in sea salt particles. Also, the particle between 3.2-5.6 pm 429 contained a trace amount of Sc (l%). The largest three particles (> 5.6 pm) were expectedly 430 irregularly shaped with both sharp and rounded edges, comprised mostly of oxygen, Al, Fe, and 431 Ca based on EDX analysis.
3.2.3 Water-Soluble Elements 433
Averaged data across all MoUDI sets rev€al that lcp-eee elements exhibited a variety 434 of mass concentration profiles ranging from a distinct mode in either the sub-or supermicrometer 435 range to having multiple modes below and above I pm (averages across all MouDI sets shown 436 in Figure 7 ). There were several elements with only one distinct peak, being in one of the two 437 stages between 0.18-1.0 pm, including As, Cd, Co, Cr, Cs, Cu, Hf, Mn, Mo, Ni, Rb, Se, Sn, Tl, V, 438 Pb, and Zn. ln contrast, the following elements exhibited only one distinct peak in the 439 supermicrometer range: Al, 84 P, Sr, Ti, y, and zr. The rest of the elements exhibited more 44o complex behavior with two distinct peaks in the suband supermicrometer range (Ag, Fe, Nb). 441 The following section discusses relationships between all ofthe ions and elements with a view 442 towardsidenti$ingcharacteristicsouces.
3.3 Cb|rrcteristic Sources and Species Relrtionships 444
A combination of PMF and correlation analysis hetped identifu clusters of closelirclated 445 species stemming from distinct sources. The final pMF solution, based on five groups ofspecies 446 (Figure 8 ), passed criteria associated with being physically valid and the close proximity ofthe 447 calculated ratio of Qoc:Qcxpccr"a ( I .2) to l 0. There was a high coefficient of variation between 448 measured and predicted mass concentration when summing up all species for each MouDI stage 449 (l = 0'79; sample size, n = 132), which added confidence in relyng on the pMF model for source 450 apportionment ofPM. The five distinct clusters were named for their most plausible sources based 451 on the species included in the groupings, with their overall contributions to the total mass based 452 on PMF analysis shown in parenthesis (Table 3) While NHr* and SO.r2-require time for production owing to being secondarily produced from precursor vapors (i.e., SOz, NH:), oxalate is the smallest dicarboxylic acid and requires lengthier chemistry pathways for its production and thus is more likely produced in instances of PMF analysis suggested that the Aged/Transported factor contributed 4g.0olo to the total water-soluble mass budget during the study period. Most of the contribution resided in the submicrometer range (68.9%) rmlike the supermicrometer range (18.6%), which is consistent with the overall mass size distribution oftotal PM peaking in the submicrometer range (Figure 2 ). The reconstructed mass size distribution for this pMF source factor shows the dominance ofthe mass in the submicrometer range with a peak between 0.32-{.56 pm (Figure 9 ). The correlation matrices for the suband supermicrometer size ranges also show that the corelations between the species most prominent in the Aged,/Transported category are sronger for the former size range (Tables   S2-S3 ). The contribution ofthis PMF factor to the supermicrometer range is likely associated with species secondarily produced on coane aerosol such as dust and sea salt. This is evident in the individual species mass size distributions where there is a dominant submicrometer mode but also non-negligible mass above I pm.
Even though the PM in a heavily populated 'rban region, such as Metro Manila, is typically thought to be dominated by local sources ofaerosols, the current pMF results show that the largest contributions to water-soluble aerosol mass are from Aged/Transported pollution. This finding is contrary to th(expectation yrat (a) the signal oftransported aerosols would be lost in the noise of local ly-produce;>Ei65df *d G)
Philippines by processes such as wet scavenging would significantly reduce the contribution of As the MO sarnpling site is approximately 13 km fiom the nearest shoreline (Figure la) 
